The objective of this study was to investigate whether phonological processes measured through brain activation are crucial for the development of reading skill (i.e. scaffolding hypothesis) and/or whether learning to read words fine-tunes phonology in the brain (i.e. refinement hypothesis). We specifically looked at how different grain sizes in two brain regions implicated in phonological processing played a role in this bidirectional relation. According to the dual-stream model of speech processing and previous empirical studies, the posterior superior temporal gyrus (STG) appears to be a perceptual region associated with phonological representations, whereas the dorsal inferior frontal gyrus (IFG) appears to be an articulatory region that accesses phonological representations in STG during more difficult tasks. 36 children completed a reading test outside the scanner and an auditory phonological task which included both small (i.e. onset) and large (i.e. rhyme) grain size conditions inside the scanner when they were 5.5-6.5 years old (Time 1) and once again approximately 1.5 years later (Time 2). To study the scaffolding hypothesis, a regression analysis was carried out by entering brain activation in either STG or IFG for either small (onset>perceptual) or large (rhyme>perceptual) grain size phonological processing at T1 as the predictors and reading skill at T2 as the dependent measure, with several covariates of no interest included. To study the refinement hypothesis, the regression analysis included reading skill at T1 as the predictor and brain activation in either STG or IFG for either small or large grain size phonological processing at T2 as the dependent measures, with several covariates of no interest included. We found that only posterior STG, regardless of grain size, was predictive of reading gains. Parallel models with only behavioral accuracy were not significant. Taken together, our results suggest that the representational quality of phonology in temporal cortex is crucial for reading development. Moreover, our study provides neural evidence supporting the scaffolding hypothesis, suggesting that brain measures of phonology could be helpful in early identification of reading difficulties.
Introduction
Phonological awareness refers to an individual's ability to represent and access the sound structure of spoken words (Treiman & Zukowski, 1991) . Phonology has small (e.g. phoneme) and large (e.g. rhyme) units, also known as grain sizes. Studies have shown that phonological awareness is related to reading skill, with small grain awareness of phonemes having a stronger correlation with children's word reading skills than large grain awareness of rhymes (see Melby-Lervag, Lyster, & Hulme, 2012 for review) . Understanding the causal relation between phonological awareness and reading skill is important because it may inform early diagnosis and intervention on children at-risk for reading difficulty.
Behavioral studies have explored the causal relation between phonological awareness and reading skill. One argument is that phonological awareness is a foundation of later reading, which we refer to as the scaffolding hypothesis. The term "scaffolding" in our study means that phonological awareness contributes to reading acquisition and should predict reading gains. Mechanistically speaking, phonological awareness, the awareness that a spoken word is composed of small sound units, contributes to reading acquisition by facilitating the establishment of a connection between strings of discrete letters and sequences of phonemes. Longitudinal studies have shown that phonological awareness in prereaders (or children with limited reading skills) is predictive of subsequent reading in the first few years of schooling (e.g. Perfetti, Beck, Bell, & Hughes, 1987; Wagner et al., 1997; Roth, Speece, & Cooper, 2002; Schatschneider, Fletcher, Francis, Carlson, & Foorman, 2004; Lervåg, Bråten, & Hulme, 2009) . Studies distinguishing between different grain sizes have generally found that measures of phonemic awareness are more powerful concurrent and longitudinal predictors of children's reading skills than measures of rhyme awareness, after controlling for pretest reading skills (e.g. Muter, Hulme, & Snowling, 1998; Hulme, 2002; Muter, Hume, Snowling, & Stevenson, 2004; Castles and Coltheart, 2004) . Training studies have also supported the scaffolding hypothesis. For example, Lundberg, Frost and Petersen (1988) trained phonological awareness in preschoolers at both the phoneme and rhyme level. They found that the training group showed a significant improvement in phonemic awareness and this had a benefit on reading and spelling skills in both grade 1 and 2, as compared to a control group. Additional work shows that phonemic awareness training improves word reading skills in first and second graders, especially for children at risk of dyslexia (e.g. Torgesen, Morgan, & Davis, 1992; Bentin & Leshem, 1993; Hatcher, Hulme, & Snowling, 2004) . In summary, phonological awareness scaffolds later reading ability, and small grain phonemic awareness plays a more important role in reading acquisition as compared to rhyme awareness.
In contrast to the scaffolding hypothesis, Ziegler and Goswami (2005) proposed that small grain phonemic awareness only appears after reading acquisition, because learning to read helps children distinguish acoustically inseparable sounds by mapping them to letters. We refer to this as the refinement hypothesis; however, longitudinal studies provide inconsistent evidence. For example, Perfetti, Beck, Bell and Hughes (1987) tested phonemic awareness and word reading ability in children at four time points during their first grade. They found that reading skill was predictive of later phonemic awareness, supporting the refinement hypothesis. In contrast, Wagner et al. (1997) designed a 5-year longitudinal study on children from kindergarten to 4 th grade. They measured their phonological awareness (mainly at phoneme level) and word reading skills every year. They found that word reading skill at the beginning of kindergarten or first grade was not predictive of the individual differences in later phonological awareness in 2 nd grade or 4 th grade, arguing against the refinement hypothesis. In summary, phonological awareness, especially small grain phonemic awareness, appears to scaffold later word reading skill, but it remains unclear whether early word reading skill refines later phonemic awareness.
As compared to the extensive behavioral studies, little is known about the neural basis of the bidirectional relations between phonological awareness and reading skill. Because performing phonological tasks usually involves multiple cognitive processes, behavioral measures cannot easily tease these components apart. For example, making a rhyming judgment involves activating phonological representations, accessing those representations, and holding those representations in working memory in order to make a decision about whether they rhyme or not. Neuroimaging studies could provide a complementary measurement to probe whether the nature of phonological representations or access to them is related to reading skill by examining the brain regions associated with these different cognitive functions. This question also speaks to the debate on the nature of the phonological deficit in dyslexia;
whether children with dyslexia have deficits in the quality of representations or access to those representations (Peterson & Pennington, 2015) , and whether difficulties with phonological awareness are the cause or consequence of their reading difficulties (Castles & Coltheart, 2004) .
According to the literature review by Price (2012) , the phonological processing of speech sounds arises from the functional integration of perceptual processing in the posterior superior temporal gyrus (STG) and articulatory processing in the dorsal inferior frontal gyrus (IFG), which is also called the dorsal stream of speech processing in the dual stream model proposed by Poeppel (2004, 2007) .
According to these models, STG and IFG have distinct roles in phonological processing. STG appears to be a perceptual region associated with phonological representations. Many previous studies, using multivariate pattern analysis or the electrocorticogram (ECoG) technique, have found that STG represents the acoustic and perceptual features of phonology (see review in Leonard & Chang, 2014) and is able to decode different phoneme categories (e.g. Boets et al., 2013) . In contrast, the dorsal IFG appears to be unable to represent phonemes (e.g. Boets et al., 2013) . The IFG accesses the phonological representations through connections via the arcuate fasciculus with STG (Saur et al., 2008; Boets et al., 2013) , and is specialized for phonological processing during language production (Klaus & Hartwigsen, 2019) .
Increased activation in the dorsal IFG is often found when accessing phonological representations needed for challenging tasks such as segmenting phonemes, processing ambiguous speech, or articulating phonologically dissimilar words (e.g. Burton, Small, & Blumstein 2000; Xie & Myers, 2018; Okada, Matchin & Hickok, 2018) . Overall, the dual-stream model of speech processing and previous empirical studies consistently support the argument that STG is associated with phonological representations whereas the dorsal IFG is an articulatory region associated with accessing phonological representations during more difficult tasks. By examining the left posterior STG and dorsal IFG, we can shed light on whether the nature of the phonological representations and/or access to these representations are related to reading skill.
Neuroimaging studies have suggested that brain activation in STG and IFG during auditory phonological tasks in young children is related to their reading. One line of research compares brain activation during auditory phonological tasks between young children with a family risk of dyslexia and those without a family risk of dyslexia. Raschle, Zuk and Gaab (2012) found reduced activation in STG during an auditory onset judgment task in 5-6-year-old pre-readers who have a family risk of dyslexia as compared to those who do not. Dębska et al. (2016) found that both IFG and STG were under-activated during an auditory rhyming task in 6-7-year-old children who had a family risk of dyslexia as compared to those who did not. Vandermosten et al. (2019) found that 8-year-old children with a family risk of dyslexia showed atypical phonemic representations in STG, as compared to children without a family risk. These studies suggest that phonological processing, especially phonological representations housed in STG, is related to the reading potential of young children.
Another line of research directly correlates children's brain activation during auditory phonological tasks to their reading skills. Maurer et al. (2009) used the event related potential (ERP) technique and measured 6-year-old kindergarteners' late mismatch negativity (lMMN) to phonemes (one standard /ba/ and two deviants /ta/ and /da/). They found that the hemispheric lateralization of lMMN in STG when they were in kindergarten predicted their later reading skills. Moreover, the brain measurement for phonological awareness, but not behavioral measures, predicted the children's long-term reading success in 5 th grade when children were approximately 11 years old. Wang, Joanisse and Booth (2018) used functional magnetic resonance imaging (fMRI) and asked children to do an auditory phonological awareness task including both small (i.e. onset) and large (i.e. rhyme) grain sizes. They found that reading skill was correlated with brain activation for small grain sizes as compared to large grain sizes in left ventral occipitotemporal cortex. This suggests that better reading is associated with the automatic activation of orthography even when just listening to words. However, they only focused on the brain activation in left ventral occipitotemporal cortex, and did not examine phonological processing areas in STG and IFG. Overall, these results suggest that the brain activation during phonological awareness tasks in young children is related reading skill, and that brain measures might be a sensitive tool in predicting future reading skill.
In summary, the previous neuroimaging studies suggest that brain activation in STG and IFG during phonological processing is related to reading ability in young children. However, these previous studies did not examine whether phonological awareness scaffolds reading or whether reading refines phonological awareness. Although the study by Maurer et al. (2009) used a longitudinal design and suggests that phonemic processing as indicated by lMMN scaffolds later reading skill during school years, it did not address whether early reading skill refines later phonological processing in the brain.
Moreover, no studies except for Wang et al. (2018) explored how different grain sizes of phonology in the brain relates to reading skills, and they only focused on left ventral occipitotemporal cortex which is implicated in orthographic processing. Therefore, we still do not know the relation of reading skill to brain regions implicated in phonological processes at different grain sizes.
In the current study, in order to determine the directionality of the relation between phonological processing in the brain and reading skill, we implemented a cross-lagged panel design (Kearney, 2003) .
We asked children to complete an auditory phonological task in the scanner and a standardized reading test outside of the scanner when they were 5.5-6.5 years old at Time 1 (T1). These children were invited back approximately 1.5 years later when they were 7-8 years old and tested again at Time 2 (T2). In the standardized reading test, participants were asked to read aloud the letters and words. In the phonological task, participants were asked to judge whether the two auditory words presented sequentially shared the same sound. We included a small grain size condition (one phoneme shared in the onset position) and a large grain size condition (two or three phonemes shared in the rhyme position). Because the posterior STG is a perceptual region associated with phonological representations, whereas the dorsal IFG is an articulatory region associated with accessing these representations stored in STG (Hickok & Poeppel, 2004 Price, 2012; Boets et al., 2013; Ramus, 2014) , our analysis focused on the posterior STG and dorsal IFG regions, respectively, as measures of phonological representation versus access. In this way, we could examine how the phonological representations of onset and rhyme in the brain and access to them are related to reading skill.
To examine the scaffolding hypothesis, we tested whether brain activation for phonological processing at T1 predicted reading skill at T2 after controlling for reading skill at T1. Based on previous behavioral studies which found that early phonological awareness in preschoolers predicted later reading skill in school age children (e.g. Roth, Speece, & Cooper, 2002; Schatschneider, Fletcher, Francis, Carlson, & Foorman, 2004; Lervåg, Bråten, & Hulme, 2009) , we predicted that brain activation for both small and large grain size phonological processing would predict reading gains. It is possible though that small grain size would play a more important role than large grain size because many behavioral studies have found that phonemic awareness is a better predictor of later reading as compared to rhyme awareness (Muter, Hulme, & Snowling, 1998; Hulme, 2002; Muter, Hume, Snowling, & Stevenson, 2004; Castles and Coltheart, 2004) . However, English is more consistent in mapping from spelling to pronunciation at the rhyme level than at the phoneme level (Treiman, Mullennix, Bijeljac-Babic, & Richmond-Welty, 1995) , so it is also possible that large grain size should be more predictive of reading gains than small grain size (Ziegler & Goswami, 2005 ).
To examine the refinement hypothesis, we tested whether reading skill at T1 predicted brain activation during phonological processing at T2 after controlling for brain activation at T1. Because previous results are inconsistent (i.e. Perfetti, Beck, Bell, & Hughes, 1987; Wagner et al., 1997) , it is unclear whether early reading skill should predict changes in brain activation during phonological processing. Based on the Ziegler and Goswami (2005) argument that reading acquisition facilitates the discovery of phonemes, we expected that, if the refinement effect exists, early reading skill should predict changes in brain activation during phonological processing of small grain sizes compared to large grain sizes.
In our examination of the scaffolding and refinement hypotheses, we focused on the posterior STG and the dorsal IFG regions, because these regions are implicated in representing and accessing phonology. Because activation in the dorsal IFG is also modulated by phonological working memory load (e.g. Fegen, Buchsbaum, & D'Esposito, 2015) and often found to be involved in effortful phonological tasks that require phonological working memory (e.g. Démonet, Price, Wise, & Frackowiak, 1994 , Burton et al., 2005 , Ramus, 2014 , we included phonological working memory as a covariate of no interest in our study in order to tap into how phonological awareness instead of phonological working memory relates to reading skill. Because an ERP study found hemispheric lateralization in STG predicted subsequent reading skill (Maurer, et al., 2009 ) and because fMRI studies on children at risk of dyslexia mainly found differences in the STG (Raschle, Zuk, & Gaab, 2012; Dębska et al., 2016) , we expected that the effects of scaffolding or refinement would be more likely to occur in STG rather than IFG.
Method

Participants
Thirty six children (19 girls, mean age = 5.9, range 5.6-6.5 years old at Time 1, mean age =7.5, range 7.1-8.2 years old at Time 2) were included in this study. Most (31 out of 36) of the 5-6-year-old children at T1 were kindergarteners. Four were pre-kindergarteners (pre-K) and one was just entering first grade. Children at T2 were all first or second graders with one or two years of formal reading education.
There were originally 71 participants attending both Time 1 (T1) and Time 2 (T2) fMRI tasks and behavioral standardized testing. Among them, 26 subjects were discarded because of excessive movement (see movement criteria in the data analysis section). Two subjects were discarded due to image quality problem (i.e. ghosting and insufficient brain coverage). Six subjects were discarded because they did not meet our accuracy criteria (see acceptable accuracy criteria in the experimental procedure section). One subject was discarded because the two runs of the auditory phonological task at T2 were more than 6 months apart. Children were recruited from the Austin, Texas metropolitan area. Informed consent was obtained from the parents. The Institutional Review Board at the University of Texas at Austin approved all the following procedures.
Participants competed a series of screening tests and their parents/guardians completed a developmental history questionnaire. The screening tests included the 5-handedness questions in which the children needed to pretend they write, draw, pick, open, and throw something, and the Diagnostic Evaluation of Language Variation (DELV) Part 1 Language Variation Status (Seymour, Roeper, & De Villiers, 2003) . All the children met the following inclusionary criteria: (1) primarily right-handed, defined as performing at least 3 out of 5 items using their right hand; (2) mainstream English speakers, defined as a mainstream English score of 7, 8, 9, or 11 for 5-, 6-, 7-, and 8-year olds, respectively, on the DELV; (3) no diagnosis of Attention Deficit Hyperactivity Disorder (ADHD), neurological disease, psychiatric disorder, learning or language disorder as reported in the developmental history questionnaire completed by their parents; (4) normal hearing and normal or corrected-to-normal vision as reported in the developmental history questionnaire completed by their parents.
Standardized testing was then administered to assess language ability, nonverbal IQ and phonological working memory. This included the Clinical Evaluation of Language Fundamentals (CELF-5, Wiig, Semel, & Secord, 2013) and the Kaufman Brief Intelligence Test, Second Edition (KBIT-2, Kaufman & Kaufman, 2004) . All children scored greater than or equal to a standard score of 80 (9th percentile) on KBIT-2 non-verbal scale subtest and on CELF-5 core language score were included in this current study. In addition, phonological working memory was measured by the Comprehensive Test of Phonological Processing (CTOPP-2, Wagner, Torgesen, Rashotte, & Pearson, 2013) phonological memory composite score, which included both memory for digits and nonword repetition subtests. We included both IQ standardized scores (as a general cognitive ability index) and the CTOPP-2 phonological memory composite scores in our data analysis as covariates of no interest because our phonological task in the scanner may involve multiple cognitive processes beyond the processes of interest (i.e. phonological representation and access).
Experimental procedure
Auditory phonological judgment task Our auditory phonological judgement task was an event-related design (see Table 1 ). On each trial, children heard two sequentially presented auditory stimuli binaurally through earphones. There were four conditions of the pairs of stimuli: onset, rhyme, non-match, and noise (frequency modulated as the auditory perceptual condition). Participants were asked, "do the two words share the same sounds". They were instructed to respond to all trials as quickly and accurately as possible with the right index finger for a yes response in the onset, rhyme conditions, and with the right middle finger for a no response in the non-match condition. For the perceptual condition, participants were asked to press the yes button with the right index finger whenever they heard the stimuli. A blue circle remained on the screen during the auditory stimuli presentation and it turned to yellow to remind the participants to respond. The duration of each word was between 500 and 700 milliseconds (ms) followed by a brief period of silence, with the second word beginning 1000ms after the onset of the first. The length of the stimuli was counterbalanced across conditions. The blue circle turned to yellow 1000ms before the trial ended, indicating the need to make a response. The duration of the response interval was 1800ms. There were 24 trials for each of the four conditions, divided into two runs. The four conditions were pseudo-randomized so there were no more than 5 same responses in a row. To aid in convolving the hemodynamic response, inter-trial intervals were jittered by randomly adding 0, 450 or 900ms to each trial, in equal proportions for the first run. For the second run, jitters of 0, 375 or 750ms were similarly added to the trials. Each run lasted about 3 minutes. The auditory word conditions were designed according to the following standards. For the onset condition, the word pairs only shared the same initial phoneme (corresponding to one letter of its written form). For the rhyme condition, the word pairs shared the same vowel and final phoneme/cluster (corresponding to 2 to 3 letters at the end of its written form). For the non-match condition, there were no shared phonemes (or letters of its written form). All the words were monosyllabic. Every paired word had no semantic association based on the University of South Florida Free Association Norms (Nelson, phonotactic frequency (Vitevitch & Luce, 2004) , word frequency (Balota et al., 2007) , part of speech (Balota et al., 2007) , and the phonological and orthographic consistency (Bolger, Hornickel, Cone, Burman, & Booth, 2008) . Neither irregular forms nor inflected forms of words were used. The auditory perceptual condition was made of frequency-modulated noise equated in length and amplitude with the word conditions.
Participants who scored within an acceptable accuracy range and had no response bias were included in our analysis. Acceptable accuracy was defined as the accuracy of the perceptual condition and the rhyme condition being greater than 50%. We only established a threshold for rhyme but not onset because onset awareness was very difficult for children aged 5-6 years old, with an average accuracy of 62% (as shown in Table 2 ). We preserved more data and variance by not thresholding based on onset accuracy. By thresholding the rhyme condition, which is easier for young children, we were confident that children understood our task in the scanner. However, the limitation of thresholding one but not the other condition is that we have a risk of truncating the true distribution of rhyme awareness. The lack of response bias was indicated by the accuracy difference between the rhyme condition and the non-match condition being lower than 40%. The accuracies for each condition during our auditory phonological task inside the scanner at both T1 and T2 are shown in Table 2 .
In order to make sure the participants understood the task well and to acclimate them to the scanner environment, they were required to complete the same task with different stimuli in the mock scanner and a short practice just before the fMRI scanning session.
Reading ability
The raw scores of the Woodcock-Johnson III Test of Achievement Letter-Word Identification subtest (Woodcock, McGrew, & Mather, 2001) , in which children were required read the visually presented letters and words out loud, served as our measure of reading ability. The mean and standard deviation of reading skills at both T1 and T2 are also shown in Table 2 . image across runs. The anatomical image was then segmented and warped to a pediatric tissue probability map template to get the transformation field. An anatomical brain mask was created by combining the segmentation products (i.e. grey, white and cerebrospinal fluid), and then applied to its original anatomical image to produce a skull-stripped anatomical image. After that, the mean functional image and all functional images were co-registered to the skull-stripped anatomical image. Then, all the functional images were normalized to a pediatric template by applying the transformation field to them. We created this pediatric tissue probability map template using CerebroMatic (Wilke, Altaye, Holland, & CMIND Authorship Consortium, 2017), a tool that makes SPM12 compatible pediatric templates with userdefined age, gender, and magnetic field. We input the following information into CerebroMatic: the unified segmentation parameters described in Wilke et al. (2017) , which were estimated from 1919 participants (downloaded from https://www.medizin.unituebingen.de/kinder/en/research/neuroimaging/software/) and user defined age as 5.5-8 years old with one-month interval, gender as two females and two males at each age interval and magnetic field strength as 3T, resulting in a sample of 124 to create the appropriate pediatric template for our research. After normalization, smoothing was applied to all the functional images with 6 mm isotropic Gaussian kernel.
To reduce movement effects on brain signal, Art-Repair (http://cibsr.stanford.edu/tools/humanbrain-project/artrepair-software.html ) was used to identify outlier volumes, defined as those with volume-to-volume head movement exceeding 1.5mm in any direction, head movement greater than 5mm in any direction from the mean functional image across runs, or deviations of more than 4% from the mean global signal intensity. The outlier volumes were repaired by interpolation between the nearest nonoutlier volumes. Subjects included in our study had no more than 10% of the volumes repaired in each run and no more than 6 consecutive volumes repaired in each run. Six motion parameters estimated in the realignment step were entered in the first level modeling as regressors and the repaired volumes were deweighted (Mazaika, Hoeft, Glover, & Reiss, 2009) .
Statistical analyses at the first level were calculated using an event-related design with the four conditions (i.e. onset, rhyme, non-match and perceptual) as conditions of interest. A high pass filter with a cutoff of 128s and an SPM default mask threshold of 0.5 were applied. All experimental trials were included in the analysis. Word and noise pairs were treated as individual events for analysis and modeled using a canonical hemodynamic response function (HRF). Contrast maps were generated for onset>perceptual and rhyme>perceptual for each participant at first level analysis. Then we used one sample t-tests at the group level analysis to show brain regions that were activated during onset and rhyme processing (Table 3 and Figure 1 ). Two anatomical masks were used to isolate our regions of interest. The posterior left STG was defined as the posterior half of STG with y<-24 (Hickok & Poeppel, 2000) , while the dorsal left IFG was defined as the opercular part of the left IFG (Boets, et al., 2013; Ramus, 2014) by using the anatomical automatic labeling (AAL) atlas template from WFU PickAtlas toolbox (http://www.nitrc.org/projects/wfu_pickatlas). Because the AAL atlas was based on the adult brain, we warped the T1 structure of the AAL atlas to our pediatric T1 template using AFNI's 3dNwarp non-linear coregistration and then applied this transformation to the AAL atlas. In this way, the anatomical atlas masks were aligned with our pediatric T1 template.
Statistical significance for the group level analysis within the whole brain mask (174,428 voxels) was defined using Monte Carlo simulations using AFNI's 3dClustSim program (see http://afni.nimh.nih.gov/). 3dClustSim carries out a user-specified number of Monte Carlo simulations of random noise activations at a particular voxel-wise alpha level within a masked brain volume. Following the suggestions made by Eklund, Nichols, and Knutsson's (2016) article regarding the inflated statistical significance achieved using some packages, we used 3dFWHMx to calculate the smoothness of the data for every single participant, using a spatial autocorrelation function (ACF = 0.48, 4.59, 14.88), and then averaged those smoothness values across all participants. This average smoothness value was then entered into 3dClustSim to calculate the cluster size needed for significance for a given ROI. The threshold for the size of a significant cluster was 109 voxels within the whole brain mask at a voxel-wise threshold at p<0.001 uncorrected and cluster-wise threshold at p<0.05. (http://marsbar.sourceforge.net/tutorial/index.html). Brain activations for onset>perceptual at T1 were calculated as the betas for the onset condition minus betas for the perceptual condition. We chose this brain activation extraction method because Tong et al. (2016) has found that selecting the top activated voxels within an ROI, as compared to other methods, is more powerful in finding group differences and Fedorenko et al. (2010) showed that defining ROIs functionally in each individual shows greater specificity. This approach has also been used in other recently published studies (e.g. Suárez-Pellicioni et al., 2018; Younger et al., 2019) . After extracting the brain activation from the top-activated voxels, a hierarchical regression analysis was run in SPSS, with non-verbal IQ, phonological working memory, and reading skill at T1 entered into the model as covariates of no interest and brain activation of onset>perceptual at T1 entered as the covariate of interest. The dependent measure was reading skill at T2 (see Table 4 ). In this way, we examined whether the representational quality of phonemic awareness scaffolds later reading. The same analysis was done using the brain contrast of rhyme>perceptual to examine whether the representational quality of rhyme awareness scaffolds later reading. The overlap among participants' individualized ROI for rhyme>perceptual at T1 were also plotted (see Figure 1 were calculated as the betas for the onset condition minus betas for the perceptual condition. After that, a hierarchical regression analysis was run in SPSS, with non-verbal IQ, phonological working memory, brain activation of onset>perceptual at T1 entered into the model as covariates of no interest and reading skill at T1 entered as the covariate of interest. The dependent measure was brain activation of onset>perceptual at T2 (see Table 5 ). In this way, we examined whether early reading skills refine the later representational quality of phonemic awareness. The same analysis was done using the contrast of rhyme>perceptual to examine whether early reading skill refines the later representational quality of rhyme awareness. The overlaps among participants' individualized ROI for rhyme>perceptual at T2 were also plotted (see Figure 2 (A) lower right panel).
The same procedure of analyses was conducted using the mask of the opercular part of left IFG (instead of the posterior left STG) to examine the scaffolding and refinement hypotheses between reading skill and phonological access at different grain sizes. The overlap of individualized ROI within the opercular part of IFG were also plotted (see Figure 2 (B) ). The regression analysis showed that brain activation in STG for both phoneme (onset >perceptual) and rhyme (rhyme>perceptual) significantly predicted reading skill at T2 after controlling for the reading skill at T1 and covariates of no interest such as nonverbal IQ and phonological working memory at T1 (see Table 4 ).
In order to compare which of the two predictors (phoneme or rhyme) explained more variance in reading gains over time, we examined if the brain activation for one predictor still significantly predicted reading skill at T2, while controlling for the other predictor. We found that the brain activation for onset>perceptual no longer significantly predicted reading skill at T2 [∆ R 2 =.019, p=.169] after controlling for brain activation for rhyme>perceptual. We also did not find that the brain activation for rhyme>perceptual predicted reading skill at T2 [∆R 2 =.001, p=.725] after controlling for brain activation for onset>perceptual. These results show that there are no significant differences between the two predictors (i.e. phonemic and rhyme processing in STG) in predicting reading gains over time.
3.1.2 Phonological access in IFG does not scaffold later reading regardless of grain size.
The regression analysis showed that the brain activation in IFG for phonemes (onset>perceptual) did not significantly predict reading skill at T2 after the effects of the covariates of no interest were accounted for (see Table 4 ). The regression analysis also showed that the brain activation in IFG for rhymes (rhyme>perceptual) did not significantly predict reading skill at T2, after the effects of the covariates of no interests were accounted for (see Table 4 ). 
Dependent measure
Reading skill at T2
Step Predictor The regression analysis showed that reading skill did not significantly predict phonemic representation (onset>perceptual) in STG at T2 after the effects of the covariates of no interest were accounted for (see Table 5 ). The regression analysis also showed that reading skill did not significantly predict rhyme representation (rhyme>perceptual) in STG at T2 after the effects of the covariates of no interest were accounted for (see Table 5 ).
3.2.2 Reading skill does not refine later phonological access in IFG regardless of grain size.
The regression analysis showed that reading skill did not significantly predict phonemic access (onset>perceptual) in IFG at T2 after the effects of the covariates of no interest were accounted for (see Table 5 ). The regression analysis also showed that reading skill did not significantly predict rhyme access (rhyme>perceptual) in IFG at T2 after the effects of the covariates of no interest were accounted for (see Table 5 ). Table 2 shows the behavioral performance of participants during the auditory phonological task inside the scanner and reading skill outside the scanner. In parallel with the analysis of brain data, the same regression analysis, using accuracy of the phonological task inside the scanner, was also conducted to examine the scaffolding and refinement hypotheses. We found that the accuracies for both the onset and rhyme conditions at T1 did not significantly predict reading skill at T2, after controlling for the reading skill at T1, nonverbal IQ and phonological working memory [onset: ∆ R 2 =.019, p=.234; rhyme: ∆ R 2 =0, p=.948]. Moreover, we found that reading skill at T1 did not significantly predict accuracies of the onset or rhyme conditions at T2 after controlling for accuracies at T1 for the onset or rhyme conditions as well as nonverbal IQ and phonological working memory [onset: ∆ R 2 =.083, p=.101; rhyme: ∆ R 2 =.013, p=.519]. Overall, no evidence was found either for the scaffolding or for the refinement hypotheses in behavioral analysis.
Behavioral results
We also analyzed our data by including both behavioral performance and brain activation during the phonological task in one hierarchical regression model. The results stayed the same as when we calculated the models separately for behavioral and brain data. The brain activation for both onset and rhyme in STG at T1 still significantly predicted reading skill at T2 after controlling for T1 reading skill and the behavioral performance in our phonological task at T1 [onset: ∆ R 2 =.059, p=.027; rhyme: ∆ R 2 =.055, p=.038], showing that brain measurement of phonological processing predicts unique variance in reading gains, above and beyond behavioral measurement. Step Predictor Note: * p<.05, ** p<.01, *** p<.001.
Discussion
The objective of the current study was to investigate the relationship between longitudinal changes in the neural basis of phonological processing and in reading skill. Phonological processing was measured at the small grain size of phonemes (i.e. onset) and also at the large grain size of rhymes. We implemented a cross-lagged panel design by measuring brain and behavior when children were 5.5-6.5 years old and again when they were 7-8 years old. We investigated the relation of reading skill to both the posterior STG that has been implicated in representing phonology, and the dorsal IFG that has been implicated in access to phonology. We found that only the STG, regardless of grain size, predicted reading gains, suggesting that the quality of phonological representations but not the access to these representations scaffolds the development of reading in young children. We did not find evidence that reading predicted changes in either STG or IFG, and therefore, there was no evidence that reading refines the nature of phonological processing.
The scaffolding hypothesis was supported by the finding that that brain activation during phonological processing at T1 predicted reading gains. Our finding is consistent with the previous ERP study by Maurer et al. (2009) , which found that the hemispheric specialization of the phoneme lMMN in kindergarten predicted later reading skill; however, this study did not account for reading skill differences in kindergarten, so the effect could be autoregressive. Our finding is also consistent with longitudinal behavioral studies which showed that early phonological awareness in kindergarten predicted reading skills in the first few years of reading instruction (e.g. Roth, Speece, & Cooper, 2002; Schatschneider, Fletcher, Francis, Carlson, & Foorman, 2004; Lervåg, Bråten, & Hulme, 2009 ) and with training studies which showed that instruction in phonological awareness can improve reading in young children (Lundberg et al., 1988; Torgesen, Morgan, & Davis, 1992; Bentin & Leshem, 1993; Hatcher, Hulme, & Snowling, 2004) .
The prediction of reading gains by brain activation was specific to the STG, suggesting the representational quality of phonology is most important for reading acquisition. Our result is in alignment with previous fMRI studies on young children with a family risk of dyslexia (Raschle, Zuk, & Gaab, 2012; Dębska, et al., 2016) . Both of these studies showed that at-risk children had alterations in STG during phonological processing, as compared to children without a family risk of dyslexia. Our finding is also consistent with the previous ERP study by Maurer et al. (2009) , which found that the brain activation in STG during an auditory phoneme task in kindergarten predicted later reading skill in school years.
Although the Maurer et al. (2009) study used a longitudinal design, they did not measure the reading skill in kindergarten to control for autoregressive effects. Our study, by using a cross-lagged panel design, more strongly suggests that early representational quality of phonology in STG leads to reading gains.
We interpreted increased activity in STG as better quality phonological representations because previous developmental studies have consistently shown that as children grow older and become better at phonological awareness, they show increased activation in STG during auditory tasks (e.g. Booth et al., 2004; Cao et al., 2011) . Dyslexic children, who often have phonological deficits, tend to show less activity in STG as compared to typically developing children (see literature review in McCandliss & Noble, 2003) . Some studies have also found increased activation of STG after an intensive phonologicalbased training (e.g. Simos et al., 2002) . Together, these previous studies on children suggest that increased activation in STG is associated with better phonological awareness. Even though our measurement of activation might not be a direct index of the quality of phonological representations, increased activation in STG, according to previous literature, can be indicative of a better quality of phonological representations. Therefore, our finding that greater activation in STG was related with faster reading gains suggests that the representational quality of phonology is important for later reading acquisition.
In contrast to the finding in STG, our results in 5-to-7-year-old children do not support the idea that access to phonological representations through dorsal IFG at T1 is an important predictor of future reading skill. This is consistent with studies that have found differences in temporal, but not frontal, cortex in young children aged approximately 5-6 years old with a family risk of dyslexia (Raschle, Zuk, & Gaab, 2012) and in adult illiterates (Dehaene et al., 2010) . Our result is also consistent with Vandermosten et al. (2019) which only examined the STG as region of interest and showed atypical phonological representations in 8-year-old children with a family risk of dyslexia, as compared to children without family risks. However, Dębska et al. (2016) found that children aged 6-7 years old with a family risk of dyslexia showed under-activation in both frontal and temporal cortex as compared to controls. Corina et al. (2001) and Kovelman et al. (2012) found reduced activation during auditory rhyming tasks in the frontal but not temporal cortex in 10-13-year-old and 7-13-year-old dyslexic children as compared to typically developing children. During an auditory phoneme discrimination task, Boets et al. (2013) found that even though dyslexic adults had intact phonological representation in the STG, they had difficulty accessing them through the dorsal IFG. One possibility is that phonological representations housed in STG are more important in reflecting individual differences of reading in young children while the access of phonology in IFG becomes a more salient predictor of individual differences of reading skill when children grow older. Future longitudinal studies with older children are needed to examine whether there is a developmental shift from the quality of phonological representations to access to those representations being more predictive of reading gains.
The activation of dorsal IFG is not only affected by the efficiency of accessing phonological information, but also influenced by working memory load (e.g. Fegen, Buchsbaum, & D'Esposito, 2015) .
In the current study, we included the phonological working memory as a control variable because our phonological awareness task included a working memory component. The two auditory words in our task were presented sequentially, which required children to maintain the first word in working memory in order to judge whether the two words shared the same sound or not. We attempted to rule out this working memory explanation in order to more purely tap into the quality of phonological representations and access. Previous studies have suggested that phonological working memory and phonological awareness are two distinct components, which have unique contributions to reading (e.g. Gathercole & Baddeley, 1993) . Phonological awareness is a prerequisite for distinguishing the component sounds in spoken words, whereas phonological memory is used to store sounds of spoken words so that they can be transferred to long-term memory. In terms of their relation to reading development, phonological awareness contributes to reading skill at an earlier age, whereas working memory only plays a role later (e.g. Nithart et al., 2011) . We conducted an additional analysis by taking out phonological working memory from the regression model, and we found that the activation in IFG for onset processing was significantly predictive of reading gains. All the rest of findings remained the same. The fact that we only found activation in IFG for onset but not rhyme predicted reading is likely because it is more difficult to segment the onset and maintain it in working memory. This additional finding, even though it was not the main question of our study, suggests that phonological working memory also scaffolds reading gains in 5 to 7-year-old children.
One of the goals of our study was to determine whether phonological processing of small grain size (i.e. onset) or large grain size (i.e. rhyme) was predictive of reading gains. None of the previous neuroimaging studies on young children explored how different grain sizes play a role in reading skill.
Previous studies used only small grain size tasks (i.e. onset judgement: Raschle, Zuk, & Gaab, 2012;  phoneme listening: Maurer et al. 2009 ) or large grain size tasks (i.e. rhyming: Dębska et al., 2016) . We showed that brain activation during phonological processing of both small and large grain size predicted reading gains, and there was no difference between the two. This finding is not consistent with previous behavioral studies on young children, which showed that phonemic awareness was more predictive of later reading skill as compared to rhyme awareness (Melby-Lervag, Lyster, & Hulme, 2012; Muter, Hulme, & Snowling, 1998; Hulme, 2002; Muter, Hulme, Snowling, & Stevenson, 2004; Castles & Coltheart, 2004) . However, some argue that reading skills develop from small grain size letter-phoneme mapping to larger grain size mapping, so it is possible that children at 7-8-year-old children in our study are relying more on rhymes to read words (Frith, 1985) . This may be particularly important for English word reading because English is more consistent in orthography to phonology mapping at the rhyme level than at the phoneme level (Treiman, Mullennix, Bijeljac-Babic, & Richmond-Welty, 1995) . It is also possible that brain measures may be better at predicting reading gains than behavioral measures. In fact, we failed to find any scaffolding or refinement effects when we analyzed accuracy of the in-scanner task, probably because behavioral performance is the final product of several processing steps. For example, in our phonological task, the participants need to activate, maintain and compare the phonological representations. A single behavioral measure is a summation of all those cognitive steps. By looking at brain activation in STG associated with phonological representations, perhaps we have a more sensitive measure than behavioral performance. Our result is consistent with previous studies which showed that only brain but not behavioral measures were more reliable predictors of reading growth (e.g. Maurer et al., 2009; Hoeft et al., 2011) . It is also possible that the lack of a scaffolding effect at the behavioral level in our study might be because our sample size was smaller than previous behavioral studies (e.g. Perfetti, Beck, Bell, & Hughes, 1987; Wagner et al., 1997) .
As shown by the map of top activated voxels in Figure 2 , the small and large grain sizes of phonological processing activated a similar region of the planum temporale across subjects. This result suggests that different phonological grain sizes share a neural mechanism in 5-to 7-year-old children.
Previous fMRI studies, using cross-modal tasks on children aged 8-13 years old (McNorgan, Awati, Desroches, & Booth, 2013; McNorgan, Randazzo-Wagner, & Booth, 2013) suggest that, as part of the phonological loop, the planum temporale is more sensitive to large-grain size representations. On the other hand, as word representations unfold over time, posterior superior temporal sulcus should be more sensitive to smaller grain-size representations. They argue, from a computational perspective, literacy experience drives the representations in posterior superior temporal cortex to increasingly multimodal in nature at the small grain size due to the experience of mapping graphemes to phonemes. We may have failed to find this distinction in phonological representations because young children do not have enough reading experience to develop these mappings. Instead, because planum temporale is often indicated as a region for analyzing physical features of speech sounds (e.g. Davis & Johnsrude, 2003; Liebenthal, Binder, Spitzer, Possing, & Medler, 2005) , our participants were likely relying on this region to make a phonological judgement. Future studies should examine whether there is a divergence for different grain sizes of phonology in temporal cortex as children become more experienced readers.
We did not find any evidence showing that early reading skill predicted later activation in the temporal or frontal cortex, arguing against the idea that learning to read refines the nature of phonological representations or access to them. This is consistent with the Wagner et al. (1997) study which found that word reading skill did not predict later phonological awareness. They proposed that substantial individual differences of reading ability occur too late, at around first or second grade, to have an impact on phonological awareness, which is relatively mature and stable at that time. However, in support of the refinement hypothesis, Wagner et al. (1997) did find that letter knowledge in kindergarten or first grade predicted later phonological awareness at grade 2 or 3. Letters roughly correspond to phonemes, thereby providing a useful concrete referent for children to learn phonemic awareness. The refinement effect of letter knowledge may be due to the fact that substantial individual differences of letter knowledge occur earlier in children when phonological processing has not yet stabilized. Behavioral studies on even younger children (e.g. Burgess & Lonigan, 1998; Lerner & Lonigan, 2016) supported this idea by showing that letter knowledge at approximately 4-years-old was predictive of phonological awareness 6months or one year later. Even though we showed that individual differences in word reading skill did not predict later activation during phonological processing, the refinement effects may occur earlier when children learn early reading skills such as letter knowledge.
Even though we did not find evidence for the refinement effect on phonological processing in STG and IFG, it is still likely that word reading influences phonological awareness tasks as is proposed by Ziegler and Goswami (2005) and as is evidenced in some behavioral studies (e.g. Perfetti, et al., 1987) .
One possible reason for failing to find evidence for the refinement hypothesis is that the effect is too subtle to be captured by univariate analysis. Future studies could use a more sensitive analytical approach, such as multivoxel pattern analysis, which evaluates the activation pattern rather than the averaged activation level (increase or decrease). Another possibility is that the effect on phonological awareness occurs through enhancing the automatic activation of orthographic representations rather than refining phonological representations. In fact, Ziegler and Goswami (2005) propose that reading helps with phoneme awareness by mapping the acoustically inseparable sounds to letters. fMRI research also supports this idea. Dehaene et al. (2010) found that people who were illiterate did not activate their vOT during an auditory lexical decision task whereas people who were literate did. This suggests that reading acquisition impacts spoken language processing partly by automatically activating orthographic representations in vOT. Therefore, future studies should explore whether the effect of reading on phonological awareness tasks is due to enhancing connections with orthographic representations in vOT.
In conclusion, by using fMRI and a cross-lagged panel design, we found that phonological processing at small and large grain sizes predicted reading gains in 5-to 7-year-old children. Our results suggest that phonological representations in the temporal cortex are important in scaffolding reading. The implication of our study is that phonological awareness intervention programs should focus on improving young children's representational quality of both small and large grain sizes of phonology in order to maximize children's reading development. Future research on even younger children is needed to examine the refinement hypothesis, specifically looking at how early reading skills such as letter knowledge may refine phonological awareness in the brain as suggested by behavioral studies (e.g. Wagner et al., 1997; Burgess & Lonigan, 1998; Lerner & Lonigan, 2016) . It would also be meaningful to investigate if phonological access by frontal cortex would play a more important role as children get older, as suggested by previous studies (Corina et al. 2001; Kovelman et al. 2012 ).
